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Despite the status of cisplatin (DDP) as a classical chemotherapeutic agent in the treatment of cancer, the development of multidrug
resistance often leads to a failure of DDP therapy. Here we found that phosphorylated cofilin-1 (p-cofilin-1) was overexpressed in the
DDP-resistant human gastric cancer cell lines SGC7901/DDP and BGC823/DDDP, relative to the respective parent cell lines (SGC7901
and BGC823), and that DDP induced the dephosphorylation of p-cofilin-1 in both parent lines but not in the DDP-resistant lines.
However, we noted that the traditional Chinese medicine formula Zuo Jin Wan (ZJW) could induce the dephosphorylation of p-
cofilin-1 and promote cofilin-1 translocation from the cytoplasm into the mitochondria in both SGC7901/DDP and BGC823/DDP
cells. This mitochondrial translocation of cofilin-1 was found to induce the conversion of filamentous actin to globular-actin, activate
mitochondrial damage and calcium overloading, and induce the mitochondrial apoptosis pathway. We further observed that these
effects of ZJW on DDP-resistant human gastric cancer cell lines could be reversed via transfection with cofilin-1-specific siRNA, or
treatment with a PP1 and PP2A inhibitor. These results suggest that ZJW is an effective drug therapy for patients with DDP-resistant

gastric cancer.

1. Introduction

Gastric cancer is the fourth most common type of cancer
worldwide; approximately 989,600 new gastric cancer cases
and 738,000 gastric cancer-related deaths were estimated
worldwide in 2008 [1]. Surgical resection is currently the
treatment of choice for gastric cancer; chemotherapy, radio-
therapy, and gene therapy are considered the main adjuvant
therapy methods. Efficacy rates of 50% have been reported
for chemotherapy drugs, such as cisplatin (DDP), which are
widely used in clinical settings [2, 3]. Although chemotherapy
is among the primary methods used to treat gastric cancer,
the development of multidrug resistance (MDR) commonly
leads to a failure of chemotherapy. Therefore, studying the
mechanism of MDR and exploring effect MDR-reversing

drug are necessary to overcome the bottleneck of cancer
chemotherapy.

Recently studies had shown that phosphorylated cofilin-
1 (p-cofilin-1) and cofilin-1 played an important role in
MDR of cancer. One study had found that p-cofilin-1 was
high-expressed in taxol-resistant cells and chemoresistant
primary human ovarian cancer tissues [4]. In another study,
p-cofilin-1 also showed high-expression levels in vincristine-
resistant human osteosarcoma cell line MG63/VCR, which
was upregulated by overexpression of LIMKI [5]. The cofilin-
1 was showed higher expression levels in DDP-resistant non-
small cell lung cancer (NSCLC) cell ICR-A549 [6]. Cofilin-1
belongs to the actin-binding protein family, the members of
which regulate actin depolymerisation. The main functions
of cofilin-1 are the decomposition of actin microfilaments
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and elevation of the rate of actin depolymerisation, both of
which influence actin cytoskeletal remodelling. Moreover,
cofilin-1 can induce the transformation of filamentous actin
(F-actin) to globular-actin (G-actin), activate mitochondrial
damage and calcium overloading, and induce the mito-
chondrial apoptosis pathway. Notably, p-cofilin-1 must be
dephosphorylated to participate in actin depolymerisation
and translocation into the mitochondria [7, 8].

In recent years, traditional Chinese medicine (TCM) as
adjuvant chemotherapy of cancer drugs in China has been
widely used in cancer treatment. TCM has the function
of strengthening the effect of chemotherapy, reducing the
toxic and side effects, reversing the drug resistance of the
tumor. Zuo Jin Wan (ZJW), a TCM formula, showed better
therapeutic effects in adjuvant treatment of tumors [9-12].
Besides, Z]JW has also the effect of reversing drug resistance
in gastric cancer and colorectal cancer cell [13-15]. By phar-
macodynamics experiments, the effects of ZJW reversing
drug resistance in gastric cancer was proved, but its exact
mechanism was still unclear.

In the present study, we identified a novel molecular
mechanism by which Z]JW inhibits DDP-resistance by induc-
ing the mitochondrial translocation of cofilin-1.

2. Materials and Methods

2.1. Cell Lines and Cultures. BGC823 and SGC7901 human
gastric cancer cells were purchased from the Shanghai Cell
Collection (Shanghai, China). Cells were cultured in RPMI
1640 medium (Gibco Laboratories, USA) supplemented with
10% (v/v) foetal bovine serum (Gibco Laboratories, USA),
100 pg/mL streptomycin, and 100 U/mL penicillin at 37°C and
5% CO,. DDP was purchased from Sigma (St. Louis, MO,
USA).

DDP-resistant SGC7901/DDP and BGC823/DDP cells
were induced from SGC7901 and BGC823 cells, respectively,
using a concentration gradient method to increase the half
maximal inhibitory concentration (ICy,) of DDP. At first,
SGC7901 and BGC823 cells were treated with the culture
medium containing 0.05 ug/mL DDP for 24h. Then, the
culture medium containing DDP was substituted for the
fresh culture medium. When the cell density reached 80%,
cells were digested and passage. The cells were treated with
0.05 ug/mL DDP time and again until the cells can be stable
passage in such concentration of DDP. Subsequently, the cells
were treated with higher concentration of DDP in turn, until
the final concentration of DDP reached 1ug/mL. The cells
were cultured in the culture medium containing 1pug/mL
DDP to maintain its drug resistance. Before every experi-
ment, both DDP-resistant gastric cell lines were cultured in
drug-free RPMI 1640 medium for 2 weeks.

2.2. Preparation of the Z]W Extracts. The ZJW formula com-
posed of two herbs as Rhizoma Coptidis and Fructus evodiae
in a 6:1ratio (w:w). Rhizoma coptidis and Fructus evodiae
were from TCM pharmacy of Putuo Hospital, Shanghai Uni-
versity of Traditional Chinese Medicine (Shanghai, China).
ZJW extracts were prepared as previously described [13-15].
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ZJW was extracted through two l-hour reflux procedures
in ethanol (1:8, v:v). The extracted mixtures were subse-
quently filtered, concentrated, and vacuum-dried at 60°C.
The preparation of ZJW extracts was standardised and quality
controlled according to the guidelines of the Chinese State
Food and Drug Administration.

2.3.  Antibodies. Anti-cofilin-1 (#5175), anti-p-cofilin-1
(#3313), anti-GAPDH (#2118), anti-f-actin (8456), anti-
cleaved caspase-9 (#7237), anti-cleaved caspase-3 (#9664)
anti-cytochrome ¢ (#11940), anti-PARP (#9532), anti-cox
IV (#11967), horseradish-peroxidase- (HRP-) conjugated
anti-rabbit (7075), and anti-mouse secondary antibodies
(7076) were obtained from Cell Signaling Technology, Inc.
(Danvers, MA, USA). Anti-slingshot homolog 1 (ab76943),
anti-gamma actin (ab194952), and anti-F-actin antibodies
(ab205) were obtained from Abcam (Cambridge, MA, USA).
An anti-PP1 (E-9) antibody (sc-7482) was obtained from
Santa Cruz Biotechnology (Dallas, TX, USA).

2.4. Knockdown of the Cofilin-1 Gene. Three siRNAs, specific
for the human cofilin-1 gene (Gene ID: 49472823), were syn-
thesised by Biomics Biotechnologies (Nantong, China). The
three siRNA and control sequences were as follows: sequence
1: 5'-GAGUGAGGACAAGAAGAACAU-3'; sequence 2: 5'-
CGCCACCTTTGTCAAGATGCT-3'; sequence 3: 5'-GAU-
UUAUGCCAGCUCCAAGGA-3'; control sequence: 5'-
UAAGGCUAUGAAGAGAUAC-3'. For knockdown exper-
iments, 5 x 10° cells were plated per well, in a six-well plate.
After 24 h, cells were transfected with the above siRNA at
the concentration of 50 nM using Lipofectamine 3000 (Life
Technologies, Carlsbad, CA, USA) for 48 h.

2.5. Quantitative Real-Time PCR Assay. Total cellular
RNA was isolated using Plus RNAiso (Takara Bio,
Shiga, Japan); subsequently, a PrimeScript RT reagent
kit (Takara Bio) was used to synthesise cDNA. Quantitative
real-time PCR (Q-RTPCR) to detect cofilin-1 gene
expression was performed according to Tang et al. [8].
The following cofilin-1 primer sequences were used:
forward, 5'-AAGGCGGTGCTCTTCTGC-3'; reverse, 5'-
TTGACAAAGGTGGCGTAG-3'; TagMan probe, 5 -FAM-
CATCCTGGAGGAGGGCAAGGAGAT-TAMRA-3'.  The
following GAPDH primer sequences were used as controls:
forward, 5-GGTGGTCTCCTCTGACTTCAACA-3';
reverse, 5 -CCAAATTCGTTGTCATACCAGGAAATG-3';
TaqMan probe, 5'-FAM-CGACACCCACTCCTCCACCT-
TTGACGC-TAMRA-3'. These primers and probes were
purchased from Sangon Biotech (Shanghai, China).

2.6. Apoptosis Rate Assay. Apoptosis rates were determined
using an Annexin V-FITC/propidium iodide (PI) Apop-
tosis Detection Kit (BD Biosciences, San Jose, CA, USA).
Cells were harvested by trypsinisation, washed twice with
cold phosphate-buffered serum (PBS), and incubated with
Annexin V-FITC, followed by PI. Flow cytometric analysis
was performed on a FACSCalibur system (Becton Dickinson,
Franklin Lakes, NJ, USA).
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2.7 Immunofluorescence Assay. HCTI116 cells were seeded on
cover slips precoated with 0.01% poly-lysine at a density
of 5,000 cells per well in a 24-well chamber. Following
treatment with ZJW, the cells were treated in the following
sequence: 4% paraformaldehyde for 20 min, 0.1% Triton X-
100 for 10 min, 5% bovine serum albumin (BSA) for 60 min,
and primary antibodies overnight at 4°C. Subsequently, the
cells were washed three times using PBS and incubated with
an Alexa Fluor 488-conjugated anti-mouse IgG antibody or
Alexa Fluor 555-conjugated anti-rabbit IgG antibody (Life
Technologies) for 1 h prior to observation with a fluorescence
microscope (Leica, Wetzlar, Germany).

2.8. Cell Viability Assay. Cells were plated in 10% FBS RPMI
1640 medium at a density of 5,000 cells/well, in a 96-well
plate. Cell viability was analysed using a Cell Counting
Kit-8 (CCK-8, Dojindo Laboratories, Kumamoto, Japan),
according to the manufacturer’s protocol. Absorbances of
the wells at 450 nm were read using a plate reader (Bio-
Rad, Hercules, CA, USA). Each sample was analysed in
sextuplicate, and experiments were repeated three times.

2.9. Mitochondrial Membrane Potential Assay and Intra-
cellular Calcium Assay. Mitochondrial membrane potential
(A¥m) was analysed using JC-1 (Beyotime, Haimen, China)
in both flow cytometric and cell fluorescence assays. JC-1,
a fluorescent probe that detects mitochondrial membrane
potential, forms a red fluorescent polymer upon accumula-
tion in the mitochondrial matrix under conditions of high
membrane potential; at a lower membrane potential, JC-
1 exists as a green fluorescent monomer. Mitochondrial
membrane potential was, therefore, measured as the degree of
change in the red/green fluorescence ratio. The intracellular
calcium concentration was measured using the Fluo-3 AM
assay (Beyotime, Haimen, China). In this assay, the intensity
of green fluorescence was used to determine the relative
concentration of intracellular calcium. The increasing of
intracellular calcium concentration was thought to be the
results of mitochondrial membrane potential damage and
proapoptosis marker. Both flow cytometric and cell fluo-
rescence assays were also used to measure the intracellular
calcium concentration.

2.10. Analysis of Caspase-3 and Caspase-9 Protease Activity.
Caspase-3 protease activity was measured using a Caspase-3
Activity Assay Kit (Beyotime, Haimen, China), according to
the manufacturer’s instructions. Similarly, Caspase-9 Activity
Assay Kit was used to detect caspase-9 protease activity. The
kit was used to generate a standard curve from which the
caspase-3/ caspase-9 protease activity of each sample was
calculated, after which the relative fold changes in activity
were calculated using the control value.

2.11. Western Blotting and Coimmunoprecipitation (co-IP)
Assay. Total cell proteins and cytoplasmic and mitochondrial
protein fractions were extracted using the Cell Lysis Buffer for
Western, IP, and Cell Mitochondria Isolation Kit, respectively
(Beyotime, Haimen, China). Following separation using

sodium dodecyl sulphate (SDS) polyacrylamide gel elec-
trophoresis, proteins were transferred onto polyvinylidene
fluoride membranes, blocked with 5% BSA, and incubated
with primary antibodies and corresponding HRP-conjugated
secondary antibodies in sequence. Labelled membranes were
visualised using an Enhanced Chemiluminescent Western
Blotting Detection System (Millipore, Billerica, MA, USA).
GAPDH and COX IV were used as loading controls for
total/cytoplasmic and mitochondrial proteins, respectively. A
Dynabeads® Coimmunoprecipitation Kit (Pierce Biotechnol-
ogy, Rockford, IL, USA) was used for the co-IP analysis. Total
cell, cytoplasmic, and mitochondrial proteins were incubated
in anti-cofilin-1 antibodies and normal mouse IgG at 4°C
overnight. Subsequently, co-IP samples were subjected to
western blotting as described above, using the appropriate
antibodies.

2.12. G/F-Actin Ratio Assay. The cellular G/F-actin ratio assay
was referenced to that previously described [16, 17]. Briefly,
cells were washed in ice-cold PBS and then suspended in lysis
buffer (50 mm HEPES, pH 6.4, lmm MgCl,, 10 mm EDTA,
and 1% Triton X-100) for 5min and centrifuged for 30 min at
18,000 xg to isolate the supernatant (containing G-actin). The
remaining pellet containing F-actin was washed in PBS and
resuspended in an equal volume lysis buffer under vigorous
agitation. The G-actin protein from the supernatant and the
F-actin protein from the pellet were checked by western blot.
The ratio of G-actin to F-actin was quantified by the proteins
expression level.

2.13. Statistical Analysis. Using the SPSS 13.0 software pack-
age (SPSS, Inc., Chicago, IL, USA), data were subjected to
a single-factor analysis of variance and Student’s ¢-test. The
results are presented as means (X + SDs). P < 0.05 was
considered statistically significant.

3. Results

3.1. Z]W Increases the Sensitivity of DDP-Resistant Gastric
Cancer Cells to DDP. We established the DDP-resistant cell
lines BGC823/DDP and SGC7901/DDP by chronic exposure
of the DDP-sensitive parent gastric cancer cell lines BGC823
and SGC7901 to low-dose DDP. A CCKS8 cell viability assay
was then used to detect the inhibitory effects of DDP
on BGC823, BGC823/DDP, SGC7901, and SGC7901/DDP
gastric cancer cells for 48h. As shown in Figures 1(a)
and 1(b), DDP had significantly lower inhibitory effects
on BGC823/DDP (ICs, = 10.26 ug/mL) and SGC7901/DDP
(IC5y =7.84 pg/mL), relative to their respective DDP-sensitive
parent cell lines (BGC823, IC;, = 0.89 pug/mL; SGC-7901, ICs,
=0.93 ug/mL).

Previous studies have reported that ZJW can reverse the
effect of multidrug resistance [13-15]. In the present study,
we also observed the ability of ZJW to reverse DDP resis-
tance in BGC823/DDP and SGC7901/DDP cells following
treatment with different concentrations of ZJW for 48h.
For BGC823/DDP cells, IC, of DDP decreased from 10.26
to 3.54 ug/mL after ZJW treatment; similarly, IC;, of DDP
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FIGURE 1: Z]JW increases the sensitivity to DDP in BGC823/DDP and SGC7901/DDP cells. (a) The cell viabilities of DDP-resistant
BGC823/DDP cells and BGC823 parent cells were measured following exposure to DDP for 48 h. (b) The cell viabilities of DDP-resistant
SGC7901/DDP cells and SGC7901 parent cells were measured following the exposure to DDP. (¢) and (d) CCK-8 assay was used to detect the
cell viability of DDP in BGC823/DDP and SGC7901/DDP cells treated with ZJW (50 ug/mL) and DDP in different concentration for 48 h.

for SGC7901/DDP cells decreased from 7.84 to 2.92 ug/mL.
These results indicate that ZJW can enhance the sensitivity of
BGC823/DDP and SGC7901/DDP cells to DDP (Figures 1(c)
and 1(d)).

3.2. Effects of ZJW on Mitochondrial Signalling Pathways.
Given the role of reversing drug resistance, we hypothesised
that ZJW could induce mitochondrial apoptosis in DDP-
resistant gastric cancer cells. As the western blotting results in
Figure 2(a), ZJW induced caspase-9 and caspase-3 activation
and PARP degradation in a time- and dose-dependent man-
ner in SGC7901/DDP cells. These events were accompanied
by an increase of the apoptosis promoter BAX, decrease of the
apoptosis inhibitor BCL-2, and the release of mitochondrial
cytochrome C to the cytoplasm.

We also examined the activities of two key proteases
caspase-3 and caspase-9 in the mitochondrial apoptotic sig-
nalling pathway by using a Caspase-3 Activity Assay Kit. As

shown in Figure 2(b), ZJW induced the activation of caspase-
9 and caspase-3 in a time- and dose-dependent manner in
SGC7901/DDP cells. These results demonstrate that ZJW
can trigger mitochondrial apoptosis in DDP-resistant gastric
cancer cells.

3.3. ZJW Induces Mitochondrial Injury in SGC7901/DDP
Cells. Mitochondrial injury represents an early stage in the
mitochondrial apoptosis pathway, characterised by changes
in A¥Ym and cytosolic calcium concentration. Accordingly,
we detected the AYm and cytosolic calcium concentration of
SGC7901/DDP cells using flow cytometry and immunofluo-
rescence, respectively. Using JC-1, we observed an increase
in the FLHI green fluorescence density (JC-1 monomer)
and decrease in the FLH2 red fluorescence density (JC-1
polymer), indicating a relative decrease in the A¥Ym (Mean-
FLH2/MeanFLH]I, Figures 3(a) and 3(b)). Using the Fluo-
3 AM reagent, we observed an increase in FLHI green
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FIGURE 2: Effects of ZJW on mitochondrial apoptosis signalling pathways. (a) The levels of proteins in mitochondrial apoptosis signalling
pathways were evaluated using western blotting in cisplatin (DDP)-resistant SGC7901/DDP cells following treatment with ZJW. Cytochrome
C (C) represented the protein level of cytochrome C from cytoplasm. The results indicated dose- (treating time, 24 h) and time-dependent
(ZJW, 50 ug/mL) effects. (b) After the same treating method as above, caspase-3 and caspase-9 activity were measured using a standard
colorimetric assay (Bio-Rad). Relative caspase-3 and caspase-9 activity levels were normalized against control levels.

fluorescence density (calcium concentration) (Figures 3(c)
and 3(d)). These results suggest that ZJW could induce
mitochondrial injury in SGC7901 cells.

3.4. Z]JW Induces the Dephosphorylation of p-Cofilin-1 in
DDP-Resistant Gastric Cancer Cell Lines. Given the role of
p-cofilin-1 and cofilin-1 in drug resistance of cancer [7, 8,
18, 19], we detected p-cofilin-1 and cofilin-1 protein expres-
sion levels in the four gastric cancer cell lines. As shown
in Figure 4(a), the DDP-resistant cell lines BGC823/DDP
and SGC7901/DDP exhibited significantly higher p-cofilin-
1 expression levels, relative to their corresponding DDP-
sensitive parent cell lines.

After treatment with DDP for 24h, the expression of
p-cofilin-1 decreased significantly in BGC823 and SGC7901

cells, suggesting that DDP could induce p-cofilin-1 dephos-
phorylation and cofilin-1 activation in DDP-sensitive gastric
cancer cell lines (Figures 4(b) and 4(c)). In contrast, the levels
of p-cofilin-1 in the DDP-resistant cell lines SGC7901/DDP
and BGC823/DDP did not noticeably change, demonstrating
that treatment with a lower concentration of DDP could not
induce the dephosphorylation of p-cofilin-1. These results
suggest that p-cofilin-1 plays an important role in DDP-
resistance in gastric cancer cells.

Next, we used western blotting to evaluate the expression
of p-cofilin-1 protein in BGC823/DDP and SGC7901/DDP
cells treated with DDP and ZJW. Notably, p-cofilin-1 expres-
sion significantly decreased after treatment with a combina-
tion of DDP and ZJW, although the total cofilin-1 expression
level was not significantly changed. These results suggest that



200 200
160 160
2 120 2 120
3 3
o 80 Q
40
0
10° 10*
FLH-1 FLH-2
M Control M ZJW 24h B Control M ZJW 24h
ZJW 12h ZJW 12h
L
s,
<= —
PEEEE
SE
52 3
EE
S= 24
8 TE * 3k
é § 14 ¢k
L O
E Control ZJW 12h ZJW 24h
(a)
200 ZTW
160
é 120
E Fluo-3 AM
8 80
40
0 -
10 10" 10> 10° 10*
Fluo-3 AM DAPI
M Control M ZJW 24h
ZJW 12h
>~
% 600 - * %
=
L
‘a * %
b = Merge
& 400
3
g
=]
=
= 200
=
i Merge (5 x 5)
2 0 :
A~

Control

ZJW 12h ZJW 24h

(c)

Merge (5 x 5)
oy 10um
b)

Evidence-Based Complementary and Alternative Medicine

ZIW 0 12h 24h

FL1-H

50 ym

FL2-H

DAPI

Merge

50 um

(

0 12h

24h
iy
[ L]

(d)

FIGURE 3: ZJW induces mitochondrial injury in DDP-resistant SGC7901/DDP cells. (a) ZJW decreased the mitochondrial membrane potential
(A¥m) of SGC7901/DDP cells. SGC7901/DDP cells were treated with 50 ug/mL ZJW for 0, 12, and 24 h. Then AWm was evaluated using flow
cytometry with the fluorescent indicator JC-1 as the degree of change in the ratio of red (FLH-2) to green (FLH-1) fluorescence. ** P < 0.01,
versus control groups treated with ZJW for 0 h. (b) A cell fluorescence assay detected the FLH-2 and FLH-1 fluorescence intensities of JC-1
in SGC7901/DDP cells after exposure to ZJW. (c) ZJW induced intracellular calcium overloading in SGC7901/DDP cells. The intracellular
calcium was evaluated using flow cytometry with the fluorescent indicator Fluo-3 AM. **p < 0.01, versus control groups treated with ZJW
for Oh. (d) A cell fluorescence assay detected the FLH-1 fluorescence intensity of Fluo-3 AM in SGC7901/DDP exposed to ZJW.
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FIGURE 4: Z]JW induces dephosphorylation of p-cofilin-1 in BGC823/DDP and SGC7901/DDP cells. (a) Western blot assayed p-cofilin-1
expressing level in DDP-sensitive cells and DDP resistant cells. (b) and (c) P-cofilin-1 expressing level changes after being treated with 1 ug/mL
DDP in four gastric cancer cells for 24 h. (d) The combination of DDP and ZJW induces the dephosphorylation of p-cofilin-1in BGC823/DDP

and SGC7901/DDP cells.

the ability of ZJW to modulate DDP resistance correlates with
the induced dephosphorylation of p-cofilin-1 (Figure 4(d)).

3.5. Translocation of Cofilin-1 and Actin to the Mitochondria
Is Induced by Z]JW in SGC7901/DDP Cells. Previous stud-
ies demonstrated that the dephosphorylation of p-cofilin-
1 and degradation of F-actin to G-actin, followed by the
translocation of actin with cofilin-1 to the mitochondria, were
important initiating factors within mitochondrial apoptotic
signalling pathways [7, 19]. Accordingly, we first examined
the p-cofilin-1, cofilin-1, and actin protein levels in ZJW-
treated SGC7901/DDP cells. As shown in Figure 5(a), the
expression of p-cofilin-1 decreased after ZJW treatment; in
addition, the expression pattern of cofilin-1 shifted from
the cytoplasm to the mitochondria. Similarly, the expression
pattern of gamma actin (instead of G-actin) also shifted
from the cytoplasm to mitochondria. A co-IP assay, with an
anti-cofilin-1 antibody, demonstrated an increased amount
of actin associated with cofilin-1 in the mitochondria and a
concomitant decrease in cytoplasm following ZJW treatment
(Figure 5(b)).

Immunofluorescence analysis demonstrated that ZJW
induced the degradation of F-actin and the translocation to
and aggregation of actin and cofilin-1 in the mitochondria
(Figures 5(c) and 5(d)). These findings indicate that ZJW
dephosphorylates p-cofilin-1, leading to the degradation of
F-actin to G-actin, translocation of actin and cofilin-1 to the
mitochondria, and initiation of mitochondrial apoptosis.

3.6. Silencing of Cofilin-1 Protects Cells from ZJW-Mediated
Apoptosis. To verity the role of cofilin-1 in the ability of ZJW

to modulate DDP resistance in gastric cancer cell lines, we
used RNA interference to reduce the expression of cofilin-1
in SGC7901/DDP cells and subsequently observed the effects
of ZJW. We evaluated the expression of cofilin-1 protein and
mRNA using western blotting and Q-RTPCR, respectively, at
72 h after transfection with three cofilin-1 siRNA constructs.
The results (Figures 6(a) and 6(b)) demonstrated that all
three siRNA constructs exerted good inhibitory effects on the
expression of cofilin-1 protein and mRNA.

Flow cytometry was used to assess apoptosis in
SGC7901/DDP cells treated with different concentrations of
ZJW after cofilin-1 knockdown (Figure 6(c)). We observed
no significant apoptosis in either cofilin-1 siRNA-treated
or control siRNA-treated SGC7901/DDP in the absence of
ZJW treatment. ZJW induced apoptosis in both cofilin-1
siRNA- and control siRNA-treated SGC7901/DDP cells in a
dose-dependent manner. However, the apoptosis rate was
significantly higher in SGC7901/DDP cells treated with
control siRNA compared with those treated with cofilin-1
siRNA, indicating the importance of cofilin-1 in the process
of ZJW-induced apoptosis.

A CCK8 assay was used to detect the viability of cofilin-
1 siRNA-treated SGC7901/DDP cells following treatment
with ZJW. As shown in Figure 6(d), ZJW had a signifi-
cantly stronger inhibitory effect on control siRNA-treated
SGC7901/DDP cells (IC5, = 134.37 ug/mL) than on cofilin-
1 siRNA-treated SGC7901/DDP cells (IC5, = 287.43 ug/mL),
indicating the importance of cofilin-1 on the ability of ZJW
to induce apoptosis and regulate DDP resistance.

Changes in the expression levels and patterns of F-
actin, G-actin, and cofilin-1 following ZJW treatment were
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treated with 50 pg/mL ZJW for 0, 6,12, and 24 h as indicated. Whole cell lysates and mitochondrial and cytosolic proteins were prepared for the
detection of p-cofilin-1, cofilin-1, and gamma-actin using western blotting. The level of each protein was normalised against those of GAPDH
(total and cytosolic proteins) or COX IV (mitochondrial proteins). (b) Treated with ZJW (50 ug/mL) for 24 h, a coimmunoprecipitation
(co-IP) assay with an anti-cofilin antibody was used to detect the translocation of gamma-actin from the cytoplasm to the mitochondria in
SGC7901/DDP cells. (c) Western blot analysis of the G/F-actin ratio changes induced by ZJW in SGC7901/DDP. SGC7901/DDP cells were
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an immunofluorescence assay.
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FIGURE 6: Cofilin-1 knockdown decreases the apoptosis induced by ZJW in SGC7901/DDP cells. (a) The effects of siRNAs specific for the
cofilin-1 gene on cisplatin (DDP)-resistant SGC7901/DDP cells were determined using quantitative real-time PCR. ***p < 0.001, versus
control groups treated control siRNA. (b) The effects of siRNAs specific for the cofilin-1 gene were determined by western blotting. (c) Flow
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cofilin-1 knockdown. ** p < 0.01, versus control groups treated with cofilin-1siRNA and ZJW (0 ug/mL). (d) The viabilities of SGC7901/DDP
cells subjected to cofilin-1knockdown and exposed to 0, 25, 50,100, 200, or 400 pg/mL ZJW for 24 h were determined using a CCK-8 assay. (e)
SGC7901/DDP cells with cofilin-1 knockdown exposed to 50 pug/mL ZJW for 24 h, depolymerisation of F-actin, and translocation of G-actin
and cofilin-1 from the cytoplasm to the mitochondria were detected using immunofluorescence assay.

detected in cofilin-1 siRNA-treated SGC7901/DDP cells using
immunofluorescence. As shown in Figure 6(e), in response
to ZJW treatment, control siRNA-treated SGC7901/DDP
cells exhibited mitochondrial translocation, accumulation of
cofilin-1 and G-actin, and lower levels of F-actin, whereas
cofilin-1 siRNA-treated SGC7901/DDP cells exhibited a
reduced expression of cofilin-1 and G-actin and an increased
level of F-actin.

3.7 Z]JW Induces the Dephosphorylation of p-Cofilin-1 by
PP1 and PP2A. Expressions of the phosphatases PP1 and
PP2A and slingshot (SSH), which participate in intracellular
phosphorylation reactions, were evaluated in ZJW-treated
SGC7901/DDP cells using western blotting. We observed
an increased expression of PPl and PP2A in these cells,
whereas the expression of SSH was not significantly altered
(Figure 7(a)).

To verify whether the activation of PP2A and PPI rep-
resented a key step in the ZJW-induced dephosphorylation

of p-cofilin-1, the PP1 and PP2A inhibitor calyculin A was
used to inhibit the activities of these phosphatases. A co-IP
assay with an anti-cofilin-1 antibody demonstrated the strong
phosphatase inhibitory capacity of calyculin A; specifically,
calyculin A treatment reversed the increases in PP1 and
PP2A and decreased p-cofilin-1 expression induced by ZJW
(Figure 7(b)).

SGC7901/DDP cells treated with ZJW and calyculin
A were subjected to apoptosis evaluation. Either ZJW or
calyculin A alone could induce apoptosis (Figure 7(c)).
However, the combination of ZJW and calyculin A yielded
a significantly lower apoptosis rate than that observed with
ZJW alone (Figure 7(d)). These results suggested that caly-
culin A inhibited the apoptosis-inducing effect of ZJW on
SGC7901/DDP cells. Finally, proteins associated with mito-
chondrial apoptosis were detected. As shown in Figure 7(e),
calyculin A inhibited the activation of PARP, caspase-3, and
caspase-9 and the release of cytochrome C. These results
indicate that the activation of PP2A and PPl plays an
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FIGURE 7: ZJW induces the dephosphorylation of p-cofilin-1 by PP1 and PP2A. (a) SGC7901/DDP cells were treated with ZJW (50 yg/mL)
for 0, 6, 12, and 24 h as indicated. Whole cell proteins were prepared and subjected to western blotting to detect PP1, PP2A, and SSH. (b)
Cells were treated with ZJW (50 gg/mL) and calyculin A (2 ng/mL) for 24 h. Whole cell protein was subjected to western blotting to detect
PP1, PP2A, and p-cofilin-1. (c) Cells were treated with ZJW (50 ug/mL) and calyculin A (2 ng/mL) for 24 h and subjected to an apoptosis
evaluation using flow cytometry with an Annexin V-FITC/propidium iodide apoptosis detection kit. **p < 0.01, groups treated with ZJW
and calyculin A versus groups treated only ZJW. (d) A co-IP assay with an anti-cofilin-1 antibody was used to detect the activation of PP1and
PP2A following treatment with ZJW (50 pg/mL) and calyculin A (2 ng/mL) for 24 h. (e) Western blotting detected PARP, cleaved caspase-3
and caspase-9, and cytochrome C in SGC7901/DDP cells following ZJW (50 ug/mL) and calyculin A (2 ng/mL) treatment for 24 h.

important role in ZJW-mediated dephosphorylation of p-
cofilin-1.

4. Discussion

In this study, we found a significantly higher expression of p-
cofilin-1 in DDP-resistant cell lines, wherein a lower concen-
tration of DDP could not induce the dephosphorylation of

p-cofilin-1. Moreover, we further determined that ZJW could
induce the dephosphorylation of p-cofilin-1 and enhance
the DDP sensitivity of BGC823/DDP and SGC7901/DDP
cells, inducing apoptosis through mitochondrial signalling
pathways, where Z]JW promoting the dephosphorylation of
p-cofilin-1 in vitro was via the activation of PP1 and PP2A.
These results provided further evidence that ZJW could
induce apoptosis in DDP-resistant gastric cancer cells.
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DDP, a chemotherapy drug commonly used to treat gas-
tric cancer [20-22] acts by inducing mitochondrial apoptosis
in cancer cells; however, drug-resistant gastric cancer cells are
not sensitive to this agent, and thus, considerable attention
has been placed on this issue [23, 24]. Studies have indicated
that TCM combination with chemotherapy for cancer can
enhance the efficacy of and diminish the side effects and
complications caused by chemotherapy. Rhizoma Coptidis
is the rhizome of Coptis chinensis Franch, which belongs to
the Ranunculaceae family being a kind of perennial herb
and grows primarily in china. Rhizoma Coptidis contains
many kinds of alkaloids, such as berberine, coptisine, methyl
coptisine, and palmatine and can cure acute conjunctivitis,
acute bacillary dysentery, acute gastroenteritis, hematemesis,
furuncle, and other disease. Rhizoma coptidis and its major
compounds alkaloid berberine have been reported to reverse
drug resistance in cancer [25-27]. Fructus evodiae is of
Rutaceae family; its fruit is the herb for ZJW. Evodiamine,
an alkaloid extract from Fructus evodiae, has been reported
to induce apoptosis and inhibit proliferation in tumors [28-
30]. Although the anticancer activity produced by Rhizoma
Coptidis and Fructus evodiae and their alkaloids singly used
had been verified, the formula ZJW showed much better
effect [12]. Therefore, we determined the effect of ZJW on
drug resistance in DDP-resistant gastric cancer cells. The
results also verified the effect of reversing drug-resistance of
ZJW in DDP-resistant gastric cancer cells.

Recent studies demonstrated that high-expression levels
of cofilin-1 in many cancers correlated with invasion and
metastasis, chemotherapy resistance, and poor prognosis [4,
6, 31-33]. The mammalian cofilin-encoding gene encodes
two members of the actin-binding protein family: cofilin-
1, which is expressed in various nonmuscle tissues, and
cofilin-2, which is mainly expressed in muscle tissue [34].
The main function of cofilin-1 is the decomposition of actin
microfilaments; this leads to an increase in actin monomers,
which is dependent on the rate of dissociation of the
ends of actin microfilaments, and promotes the circulation
of actin microfilaments, thus influencing actin cytoskeletal
reorganisation and regulating cytoskeletal remodelling. The
importance of this process is underscored by the involve-
ment of the actin filament cytoskeleton in many important
physiological processes, such as cell growth, differentiation,
metastasis, membrane reorganisation, and cell dynamics [35].
Cofilin-1 protein exists in two states, activated (cofilin-1)
and inactivated (p-cofilin-1), and these states play different
roles in the cell [36]. The dephosphorylation of p-cofilin-1
can induce degradation of F-actin to G-actin and promote
the translocation of actin and cofilin-1 complexes to the
mitochondria, triggering mitochondrial apoptosis [7, 8]. The
phosphoric acid lipases, PP1, PP2A, and SSH, can activate
cofilin-1, allowing cofilin-1 to bind F-actin and promote the
depolymerisation of actin filaments. Previous studies demon-
strated that changes in cofilin-1 or p-cofilin-1 patterns played
an important role in multidrug resistance in tumour cells [4,
5, 33]. In this study, high expression of p-cofilin-1 was found
in DDP-resistant gastric cells. At the same concentration,
DDP could induce p-cofilin-1 dephosphorylation in DDP-
sensitive gastric cancer cells but not in DDP-resistant gastric
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cancer cells. The results suggested p-cofilin-1 as an effective
therapeutic target of gastric cancer. Our results thus verified
the ability of ZJW to induce the activation of PP1 and PP2A,
which further promote the dephosphorylation of p-cofilin-1.
Certainly, degradation of F-actin to G-actin, the translocation
of actin and cofilin-1 complexes to the mitochondria, and
mitochondrial apoptosis were observed in DDP-resistant
gastric cancer cells.

5. Conclusion

In accordance with our previous studies, we conclude that
ZJW can be used as an inhibitor of chemoresistance in
gastric cancer, which may partly be due to dephosphoryla-
tion of p-cofilin-1 via the activation of PP1 and PP2A. We
believe that our study thus demonstrates a naturally derived
drug resistance inhibitor in human cancers. In addition,
this combination of herbs might yield better results than
modern medicine in the context of cancer treatment. ZJW-
based treatments should be explored as potential therapeutic
strategies for human drug-resistant cancers. Certainly, the
cause of high expression of p-cofilin-1 and the mechanism of
activation of PP1 and PP2A of ZJW in DDP-resistant gastric
cells deserve further investigation.

Competing Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Authors’ Contributions

Qing-Feng Tang and Jian Sun contributed equally to this
work.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (no. 81473481), Construct Program of
the Key Discipline of State Administration of Traditional
Chinese Medicine of People’s Republic of China, and the
Science Foundation for Shanghai Municipal Health and
Family Planning Commission (no. 20124065).

References

(1] A. Jemal, F. Bray, M. M. Center, J. Ferlay, E. Ward, and D.
Forman, “Global cancer statistics;” CA—A Cancer Journal for
Clinicians, vol. 61, no. 2, pp. 69-90, 2011.

[2] X. Paoletti, K. Oba, T. Burzykowski et al., “Benefit of adjuvant
chemotherapy for resectable gastric cancer: a meta-analysis,’
The Journal of the American Medical Association, vol. 303, no.
17, pp. 1729-1737, 2010.

[3] A. D. Wagner, W. Grothe, J. Haerting, G. Kleber, A. Grothey,
and W. E. Fleig, “Chemotherapy in advanced gastric cancer: a
systematic review and meta-analysis based on aggregate data,”
Journal of Clinical Oncology, vol. 24, no. 18, pp. 2903-2909, 2006.

[4] M.Li,]J. Yin, N. Mao, and L. Pan, “Upregulation of phosphory-
lated cofilin 1 correlates with taxol resistance in human ovarian



Evidence-Based Complementary and Alternative Medicine

(10]

(16]

(17]

cancer in vitro and in vivo,” Oncology Reports, vol. 29, no. 1, pp.
58-66, 2013.

H. Zhang, Y. Wang, E Xing et al., “Overexpression of LIMK1
promotes migration ability of multidrug-resistant osteosarcoma
cells;” Oncology Research, vol. 19, no. 10-11, pp. 501-509, 2012.

M. Becker, M. A. De Bastiani, C. B. Miller, M. M. Markoski, M.
A. A. Castro, and F Klamt, “High cofilin-1 levels correlate with
cisplatin resistance in lung adenocarcinomas,” Tumor Biology,
vol. 35, no. 2, pp. 1233-1238, 2014.

B. T. Chua, C. Volbracht, K. O. Tan, R. Li, V. C. Yu, and P.
Li, “Mitochondrial translocation of cofilin is an early step in
apoptosis induction,” Nature Cell Biology, vol. 5, no. 12, pp. 1083
1089, 2003.

Q. Tang, Q. Ji, Y. Tang et al., “Mitochondrial translocation of
cofilin-1 promotes apoptosis of gastric cancer BGC-823 cells
induced by ursolic acid,” Tumor Biology, vol. 35, no. 3, pp. 2451~
2459, 2014.

L. Xu, Y. Qi, L. Lv et al, “In vitro anti-proliferative effects
of Zuojinwan on eight kinds of human cancer cell lines;
Cytotechnology, vol. 66, no. 1, pp. 37-50, 2014.

J. Du, Y. Sun, X.-FE. Wang, Y.-Y. Lu, Q.-M. Zhou, and S.-B.
Su, “Establishment of an experimental breast cancer ZHENG
model and curative effect evaluation of zuo-jin wan,” Evidence-
Based Complementary and Alternative Medicine, vol. 2013,
Article ID 324732, 6 pages, 2013.

D.-C. Chao, L.-J. Lin, S.-T. Kao et al,, “Inhibitory effects of Zuo-
Jin-Wan and its alkaloidal ingredients on activator protein 1,
nuclear factor-«B, and cellular transformation in HepG2 cells,”
Fitoterapia, vol. 82, no. 4, pp. 696-703, 2011.

X.-N. Wang, L.-N. Xu, J.-Y. Peng, K.-X. Liu, L.-H. Zhang, and Y.-
K. Zhang, “In vivo inhibition of S180 tumors by the synergistic
effect of the Chinese medicinal herbs Coptis chinensis and
Evodia rutaecarpa, Planta Medica, vol. 75, no. 11, pp. 1215-1220,
20009.

H. Sui, X. Liu, B.-H. Jin et al., “Zuo Jin Wan, a traditional chinese
herbal formula, reverses P-gp-mediated MDR in vitro and in
vivo,” Evidence-Based Complementary and Alternative Medicine,
vol. 2013, Article ID 957078, 13 pages, 2013.

H. Sui, S.-E Pan, Y. Feng et al, “Zuo Jin Wan reverses P-
gp-mediated drug-resistance by inhibiting activation of the
PI3K/Akt/NF-«xB pathway,” BMC Complementary and Alterna-
tive Medicine, vol. 14, article 279, 2014.

Q.-F Tang, Q. Ji, Y.-Y. Qiu et al.,, “Synergistic effect of Zuo Jin
Wan on DDP-induced apoptosis in human gastric cancer SGC-
7901/DDP cells,” Evidence-Based Complementary and Alterna-
tive Medicine, vol. 2014, Article ID 724764, 10 pages, 2014.

I. Rasmussen, L. H. Pedersen, L. Byg, K. Suzuki, H. Sumimoto,
and F. Vilhardt, “Effects of F/G-actin ratio and actin turn-
over rate on NADPH oxidase activity in microglia, BMC
Immunology, vol. 11, article 44, 2010.

D. P. Turner, O. Moussa, M. Sauane, P. B. Fisher, and D.
K. Watson, “Prostate-derived ETS factor is a mediator of
metastatic potential through the inhibition of migration and
invasion in breast cancer;” Cancer Research, vol. 67, no. 4, pp.
1618-1625, 2007.

C. Wang, G.-L. Zhou, S. Vedantam, P. Li, and J. Field,
“Mitochondrial shuttling of CAP1 promotes actin- and cofilin-
dependent apoptosis,” Journal of Cell Science, vol. 121, no. 17, pp.
2913-2920, 2008.

R. Li, X. Wang, X.-H. Zhang, H.-H. Chen, and Y.-D. Liu, “Urso-
lic acid promotes apoptosis of SGC-7901 gastric cancer cells

[20]

(21]

[22]

[26]

[27]

(33]

[34]

13

through ROCK/PTEN mediated mitochondrial translocation
of cofilin-1;” Asian Pacific Journal of Cancer Prevention, vol. 15,
no. 22, pp. 9593-9597, 2014.

D. Huang, H. Duan, H. Huang et al, “Cisplatin resistance
in gastric cancer cells is associated with HER2 upregulation-
induced epithelial-mesenchymal transition,” Scientific Reports,
vol. 6, Article ID 20502, 2016.

M. Zhuang, Q. Shi, X. Zhang et al., “Involvement of miR-143
in cisplatin resistance of gastric cancer cells via targeting IGFIR
and BCL2,” Tumor Biology, vol. 36, no. 4, pp. 2737-2745, 2015.
X. Zhi, ]. Tao, G. Xiang et al., “APRIL induces cisplatin resistance
in gastric cancer cells via activation of the NF-AB pathway;’
Cellular Physiology and Biochemistry, vol. 35, no. 2, pp. 571-585,
2015.

H.J. Cho, K. E. Baek, S.-M. Park et al., “RhoGDI2 confers gastric
cancer cells resistance against cisplatin-induced apoptosis by
upregulation of Bcl-2 expression,” Cancer Letters, vol. 311, no.
1, pp. 48-56, 2011.

V. V. Subhash, S. H. Tan, W. L. Tan et al., “GTSEI expression
represses apoptotic signaling and confers cisplatin resistance in
gastric cancer cells,” BMC Cancer, vol. 15, article 550, 2015.

Y. D. Min, M. C. Yang, K. H. Lee, K. R. Kim, S. U. Choi, and K.
R. Lee, “Protoberberine alkaloids and their reversal activity of
P-gp expressed multidrug resistance (MDR) from the rhizome
of Coptis japonica Makino,” Archives of Pharmacal Research, vol.
29, no. 9, pp. 757-761, 2006.

C. He, R. Rong, J. Liu, J. Wan, K. Zhou, and J. X. Kang, “Effects
of Coptis extract combined with chemotherapeutic agents on
ROS production, multidrug resistance, and cell growth in A549
human lung cancer cells;” Chinese Medicine, vol. 7, no. 1, article
11, 2012.

L. Fu, W. Chen, W. Guo et al,, “Berberine targets AP-2/hTERT,
NF-xB/COX-2, HIF-1a/VEGF and cytochrome-c/caspase sig-
naling to suppress human cancer cell growth,” PLoS ONE, vol.
8, no. 7, Article ID €69240, 2013.

J. Yang, L.-J. Wu, S.-I. Tashino, S. Onodera, and T. Ikejima,
“Critical roles of reactive oxygen species in mitochondrial per-
meability transition in mediating evodiamine-induced human
melanoma A375-S2 cell apoptosis,” Free Radical Research, vol.
41, no. 10, pp. 1099-1108, 2007.

W.-T. Wei, H. Chen, Z.-H. Wang et al., “Enhanced antitumor
efficacy of gemcitabine by evodiamine on pancreatic cancer
via regulating PI3K/Akt pathway, International Journal of
Biological Sciences, vol. 8, no. 1, pp. 1-14, 2011.

L. I. Yang, X. Liu, D. Wu et al., “Growth inhibition and
induction of apoptosis in SGC7901 human gastric cancer cells
by evodiamine,” Molecular Medicine Reports, vol. 9, no. 4, pp.
1147-1152, 2014.

W. Wang, R. Eddy, and J. Condeelis, “The cofilin pathway in
breast cancer invasion and metastasis,” Nature Reviews Cancer,
vol. 7, no. 6, pp. 429-440, 2007.

H. Yamaguchi and J. Condeelis, “Regulation of the actin
cytoskeleton in cancer cell migration and invasion,” Biochimica
et Biophysica Acta - Molecular Cell Research, vol. 1773, no. 5, pp.
642-652, 2007.

C. B. Miiller, M. A. De Bastiani, M. Becker et al., “Potential
crosstalk between cofilin-1 and EGFR pathways in cisplatin
resistance of non-small-cell lung cancer;” Oncotarget, vol. 6, no.
6, pp. 3531-3539, 2015.

V. DesMarais, M. Ghosh, R. Eddy, and J. Condeelis, “Cofilin
takes the lead,” Journal of Cell Science, vol. 118, no. 1, pp. 19-26,
2005.



14 Evidence-Based Complementary and Alternative Medicine

[35] J. R. Bamburg and B. W. Bernstein, “Roles of ADF/cofilin in
actin polymerization and beyond,” F1000 Biology Reports, vol.
2, article 62, 2010.

[36] M. Van Troys, L. Huyck, S. Leyman, S. Dhaese, J. Vandek-
erkhove, and C. Ampe, “Ins and outs of ADF/cofilin activity and
regulation,” European Journal of Cell Biology, vol. 87, no. 8-9, pp.
649-667, 2008.



